Abstract. The paper gives detailed systematic researches on the mechanism and key factors of eddy-current losses in rotor magnets of high power-density permanent magnet synchronous motors(PMSMs).Firstly, this paper establishes quantitative mathematic model of eddy-current losses for surface-mounted PMSM based on eddy current field model and Maxwell equations. Then, a scaling index is put forward to weigh the key factors relevant to the eddy-current losses in magnets. At the same time, the principles of eddy-current losses in prototype PMSM are analyzed by the finite element analysis (FEA) software. The contents researched in the paper have practical reference values for design and reliability analysis of PMSMs.
Introduction
Nowadays, permanent magnet synchronous motors (i.e. PMSMs) have become one researching hotspot in the electric vehicle and other high power-density fields, for the advantages of high power density, simple structure, high energy-efficiency, and of long-life operating cycles but low maintaining costs. For the purpose of higher power-density, it is very difficult to make major breakthrough in mechanical materials but to increase the revolving speed of the motors [1] .
Literature [2] [3] [4] [5] investigate the eddy current loss based on the finite element analysis, especially the influence of segmentation in magnets. But the analyses lack the support of theories and relative analyses are carried out based on the uniformly alternating magnetic field which do not consider the asymmetric distribution and influencing weight of different harmonics.
In this paper, an improved quantitative mathematic model of eddy-current losses for surface-mounted PMSM, based on eddy current field model and Maxwell equations, is established. Then, a scaling index is put forward to weigh the key factors relevant to the eddy-current losses in magnets. At the same time, the principles of eddycurrent losses in prototype PMSM are analyzed with the finite element analysis software.
Improved Mathematic Model of EddyCurrent in Magnets

Still Model Based on Eddy-Current Field Model
It is assumed that:
1. Motor has inner rotor structure with uniformly magnetized magnets and nonconducting retaining sleeve. The inner diameter of stator and outer diameter of rotor are large enough to be approximately expended along the air-gap. 2. The end effect of eddy-current is neglected and the distribution of eddy-current along the z-axis is unchanged. 3. Neglecting the saturation effect of rotor core and slotting effect of stator in analytical study. 4. Stator currents can be equivalent to the circumferential current density sheet and k is its unit vector along the zaxis. 
Eddy-Current Model in Rotor Coordinate
Analytical Equations of Flux Density and EddyCurrent Density
According to the eddy-current field model, the influence of armature reaction is relative to the rotor coordinate. As a result, the analytical equations should be transformed to the rotational rotor coordinate system. So, the eddycurrent density in magnets can be described as:
Analytical Formula for the Eddy-Current Loss
Making use of loss formula, the eddy-current loss equation can be shown as:
magnets in order to research the influential factor of eddy-current loss, which provide the way to scale the eddy-current loss but without the calculation of double integral:
And Wi is the weight factor which can revise the factor ț according the different structure. Making use of equation 4, Table 1 can be obtained to research the principle of eddy-current losses of different slot-pole combinations. 
Comparisons between FEA and Analytical Simulation
In order to verify the validation of the analytical formulae, the comparisons between FEA and analytical simulations are given in the following under the same conditions. From the comparisons between FEA and analytical model, it is seen that the simulation results meet well with each other, which prove the validity of analytical model.
Flux Density in the Air-Gap
It is seen that the flux density in magnet is not constant but varying with time and meets well with each other.
Eddy-Current Density of One Point in Magnets
Because of high conductivity of the magnet, very small change in flux density can cause large eddy-current density, which is one of the reasons for the high eddycurrent loss in high power-density motors. It is seen from Fig.3 that analytical eddy-current density meets fairly well with FEA results from low to high frequency, which can ensure the accuracy of estimation of eddy-current loss. 
Scaling Index ț
,Q RUGHU WR YDOLGDWH WKH HIIHFWLYHQHVV RI LQGH[ ț comparative researches are carried out for four types of prototype motors based on Equation(4): while 8-pole/9-slot is a typical concentrated-winding fractional-slot (CWFS) PMSM; 8-pole/12-slot is a distributed-winding fractional-slot (DWFS) PMSM; 8-pole/24-slot is a q=1(q is slots per-pole per-phase) integral-slot PMSM; and 8-pole/48-slot is a typical distributed-winding integral-slot (DWIS) PMSM.
Although these four type of motors have the same stator current , the harmonic component in flux density are very different for the space harmonics: CWFS structures contain much more harmonics, especially subharmonic components which can produce large losses in magnets, than other type of structure. It is shown in Fig.4 that the index can directly make out the inherent characteristics of eddy-current-loss in magnets for prototype motors: as for the CWFS PMSM (e.g. 8-pole/9-slot) contains more remarkable harmonics in magnetic field and eddy-current loss than other motors; comparatively, distributed-winding fractional-slot PMSMs (e.g. 8-pole/12-slot) are better than CWFS type of motors. And the distributed-winding integral-slot type motors are much better than the above-mentioned types of motors.
Summary
Generally speaking, rotor losses in PMSMs are commonly neglected in tradition loss analysis, whereas the engineering practices reveal that some type of structure (especially fractional-slot) motors do exist the risk of over-heating demagnetization problem for the inner eddy-current losses of magnets when operating in large power, high speed conditions.
In order to deeply analyze the eddy-current loss in magnets, research of mechanism and influential factors are performed in detailed in this paper. An improved loss model for surface PMSM is deduced to simplify the analysis of existing theory. Also a scaling index is put forward to weight the influential factors of eddy-current loss in magnets. Meanwhile, comparative researches between analytical and finite element analysis are performed, which show the good agreement for these two models.
